Introduction
Parkinson's disease (PD) is a common neurodegenerative disease clinically characterized by bradykinesia, rigidity and resting tremor. A hallmark of the disease is the progressive loss of dopaminergic neurons in the substantia nigra and the formation of Lewy bodies Hardy et al., 2006) . Although the majority of cases are sporadic, mutations in the Leucine-rich repeat kinase 2 (LRRK2) gene (PARK8; OMIM 609007) are linked to late-onset autosomal dominant Parkinson's disease, accounting for up to 13% of familial PD cases compatible with dominant inheritance (Paisan-Ruiz et al., 2004; Zimprich et al., 2004 ) and 1 to 2% of sporadic PD patients, thus suggesting this protein as the most significant player in PD pathogenesis identified to date Berg et al., 2005; Taylor et al., 2006) . The LRRK2 protein has a molecular weight of approximately 280 kDa and contains several domains including a Ras/GTPase like (Roc), a C-terminal of Roc (COR), a kinase (similar to mitogen activated protein kinase kinase kinases) and a WD40 domain (Bosgraaf and Van Haastert, 2003; Guo et al., 2006) . Several single nucleotide alterations have been identified in LRRK2 (Brice, 2005) , covering all functional domains, but only five missense mutations clearly segregate with PD in large family studies (Goldwurm et al., 2005; Bonifati, 2006) . Some of these mutations cause increased kinase activity Gloeckner et al., 2006; Greggio et al., 2006; Gloeckner et al., 2009 ).
Despite its predominance in PD, the physiological function of LRRK2 is not known, and therefore its precise role in the aetiology of PD is far from being understood, even though in vivo studies of mutant animals suggested an involvement in neurotransmitter release (Tong et al., 2009) . Perturbations of LRRK2 expression have been shown to influence neurite extension (MacLeod et al., 2006; Plowey et al., 2008; Wang et al., 2008; Gillardon, 2009 ) and vesicle endocytosis (Shin et al., 2008) .
In order to elucidate the physiological role of LRRK2, we determined the presynaptic and postsynaptic properties of cortical neurons in which LRRK2 had been silenced by short hairpin mediated RNA interference (Bauer et al., 2009) . Electrophysiological analysis of such neurons revealed that LRRK2 silencing alters synaptic transmission. LRRK2 silencing perturbs vesicle dynamics and distribution within the recycling pool. On the molecular level, LRRK2 interacts with a number of proteins involved in synaptic vesicle trafficking. Taken together, our data suggests that LRRK2 participates in a protein network regulating synaptic vesicle trafficking in the presynaptic bouton.
Materials and methods

Lentiviral vector constructs, virus production and plasmids
Lrrk2 and Dlk1 target sequences were identified using Ambion-web-based oligo-search software and two sequences for LRRK2 (miB3: AAGTTGATAGTCAGGCTGAAT; miB4: AGTGCTCCGGTATCAGATG) and one for Dlk1 (miB5: AATGGAGTCTGCAAGGAAC) were selected, synthesized and cloned into GFPexpressing pLVTH as previously described (Bauer et al., 2008; Bauer et al., 2009 ). In brief, oligonucleotides (oligo-nt) coding for a 5'-pseudoBglII-site, a sense-oligo-nt-loopantisense-oligo-nt, transcription termination site and a 3'pseudo-XbaI-restriction-site were purchased from Metabion. Sense and antisense oligos were annealed and subsequently phosphorylated. The fragments were cloned 3' to the H1-promoter of pBC KS+(ClaI)-H1, resulting in pBC KS+(ClaI)-sh. The H1sh cassettes were isolated with ClaI, blunted and cloned into the blunted ClaI/BamH1 site of pLV transfer-vector. pLV is a modified plasmid transfer vector derived from original pLVTH (Wiznerowicz and Trono, 2003) , in which the BamH1-tetO-H1-ClaI fragment was excised. All recombinant lentiviruses were produced by transient transfection of HEK293T cells according to standard protocols (Wiznerowicz and Trono, 2003) . Primary cortical cultures were transduced with LV vectors at multiplicity of infection 1 (MOI1). Empty virus (LVTH) has been used as control. For pull-down experiments, several hLRRK2 domains were subcloned into pDEST15 (N-GST tag) using Gateway system (Invitrogen): N-terminus (N-term., amino acids 1-397), ankyrin repeats (ANK, aa 394-995), leucine-rich repeats (LRR, aa 921-1356), Roc-COR-Kinase domain (R-C-K, aa 1340-2142) and WD40 (aa 2124-2527).
Cortical neuron cultures, fractionation and chemicals
Cortical neuron cultures were prepared from embryonic day 17.5-18.5 (E17.5-18.5) mouse cortexes (CD1 Staffordshire, UK) (Romorini et al., 2004) . Cells were infected with viruses at DIV10 and assayed as described throughout the text at DIV16-18. Subcellular fractions have been prepared as described (Dodd et al., 1981) . Briefly high density cultures were collected in HEPES-buffered sucrose (0.32 M sucrose, 4 mM HEPES pH 7.4) and spun at 600g 4°C 5 minutes to pellet the nuclear fraction (P1). The resulting supernatant was centrifuged at 10.000g 4°C 15 minutes to obtain a cytosolic supernatant (S2) and a crude synaptosomal pellet that was lysed by hypoosmotic shock in 4 mM HEPES, pH 7.4. A final centrifugation step (at 25.000g 4°C 20 minutes) generated a supernatant (S3, crude synaptic vesicle fraction) and a pellet (P3, lysed synaptosomal membrane fraction). An equal amount of protein, as determined by Bradford assay (Biorad), was then separated on SDS-PAGE. Unless otherwise stated, all of the other chemicals came from Applichem, GmBH, Germany.
Pull-down, immuno-precipitation and antibodies
LRRK2 GST-fusion domains were expressed in E.Coli BL21 strain (Invitrogen), purified as described (Frangioni and Neel, 1993) . 10 μg of each GST fusion protein was loaded on glutathion-sepharose resin (GE-Healthcare, Freiburg) and co-incubated with adult mouse brain lysate (1 mg of total protein). In immuno-precipitation assays, 10 mg of the indicated antibodies were incubated with 2 mg of adult mouse brain lysate and loaded on protein G-sepharose resin (GE-Healthcare, Freiburg). In both procedures, resins were extensively washed in Tris-EDTA buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA,150 mM NaCl, 0.2% Triton-X100) and sample eluted with Laemmli buffer. For protein identification, samples were loaded onto 6-12% SDS-PAGE gels; the proteins were transferred onto nitrocellulose membrane (Sigma) at 80V for 120 minutes at 4°C.
The primary antibodies were applied overnight in blocking buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween 20, and 5% non-fat dry milk); primary antibodies (source in parenthesis) included rat monoclonal anti-LRRK2 1E11 1:1000 (developed by Dr. E.
Kremmer, Helmholtz Zentrum München), rabbit anti-PSD-95 1:1000 (gifts from E. Kim, KAIST); mouse anti-SNAP-25 1:1000 and rabbit anti-GluR2 1:250 (Chemicon); rabbit anti-NSF 1:1000, rabbit anti-HSP90 (Cell Signalling): rabbit anti-Vamp1 1:1000 (Synaptic System) mouse anti-syntaxin 1A 1:1000, mouse anti-synaptophysin 1:1000 and mouse anti-α-tubulin 1:1000 (Sigma). The secondary antibodies (HRP-conjugated antimouse, anti-rabbit or anti-rat) (Jackson ImmunoResearch) were used in a ratio of 1:2000.
The signal was detected using an ECL detection system (GE-Healthcare, Freiburg) and quantified by means of ImageJ software (NIH).
MS/MS identification
LC-MSMS analysis was performed on an Ultimate3000 nano HPLC system (Dionex) online coupled to a LTQ OrbitrapXL (Thermo Fischer, Bremen, Germany) mass spectrometer by a nano spray ion source. The system was equipped with a nano trap column (100 μm i.d. × 2 cm, packed with Acclaim PepMap100 C18, 5 μm, 100 Å, LC Packings) and an analytical column (75 μm i.d. × 15 cm, Acclaim PepMap100 C18, 3 μm, 100 Å, LC Packings). Samples originating from pre-fractionation experiments were dissolved in 50 µl of 2% acetonitrile, 0.5% TFA by incubation for 15 minutes at 4°C under agitation. The samples were automatically injected and loaded onto the trap column at a flow rate of 30 µl/minute in 5% buffer B (80% acetonitrile, 0.1% FA in HPLC grade water) and 95% buffer A (5% acetonitrile, 0.1% FA in HPLC grade water).
After 5 minutes the peptides were eluted and separated on the analytical column by a 140 min gradient from 5% to 40% of buffer B at 300 nl/minute flow rate. Remaining peptides were eluted by a short gradient from 50% to 100% buffer B in 5 minutes. The eluting peptides were ionized by nano spray ionization and the ionized peptides analyzed in the Orbitrap. From the MS prescan, the ten most intense peptide ions were selected for fragment analysis in the linear ion trap if they exceeded an intensity of at least 200 counts and if they were at least doubly charged. The normalized collision energy for CID was set to a value of 35 and the resulting fragments were detected with normal resolution in the linear ion trap. While the fragment analysis took place, a high resolution (60,000 FWHM)
MS spectrum was acquired in the Orbitrap with a mass range from 200 to 1500 Da. The lock mass option was activated and a background signal with a mass of 445.120020 was used as lock mass (Olsen et al., 2005) . Every ion selected for fragmentation, was excluded for 30 seconds by dynamic exclusion. The acquired spectra were processed and analyzed either by using the Bioworks Browser software and the SEQUEST algorithm (Eng et al., 1994) could be established at greater than 95% probability as specified by the Peptide Prophet algorithm (Keller et al., 2002) . Protein identifications were accepted if they could be established at greater than 99% probability and contained at least 2 identified unique peptides. Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii and Aebersold, 2004) . Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Only hits confirmed by more then 2 independent experiments and absent in the GST control sample were taken in consideration.
Synaptotagmin antibodies uptake assay
The assay to monitor synapses recycling was performed using rabbit polyclonal antibodies directed against the intravesicular domain of synaptotagmin1 ( Synaptic System), applied for 5 min if not indicated otherwise at RT on the cultures, as described previously (Matteoli et al., 1992 Acquired images were processed and quantitatively analyzed with ImageJ software as previously described (Verderio et al., 1999) . Briefly, GFP positive processes were manually tracked and the number of synaptotagmin and synaptophysin positive clusters and synaptophysin positive clusters present in the region of interest was automatically counted. To track synaptic vesicle movements, the neurons were incubated for 5 minutes with Cy3-coupled anti synaptotagmin 1 antibody (Synaptic System) in Tyrode solution at RT. The neurons were then washed, transferred to the microscope and imaged. Movies were acquired 2-5 minutes after labeling using a LSM Zeiss 510 confocal microscope equipped with a Zeiss 63X objective at 0.5 or 2 Hz sample frequency. Resulting images were optimized and processed on ImageJ. Single particle has been manually tracked using an algorithm implementation published by (Sbalzarini and Koumoutsakos, 2005) .
Briefly, images have been thresholded and circular ROI automatically generated around clusters. The position of the centre of each ROI along the time has been annotated. The diffusion coefficient D was calculated using the equation MSD(Δt)=4DΔt where MSD(Δt) indicates the mean square displacement of the single vesicle (Saxton, 1994) .
Only movies captured at 2 Hz sampling frequency have been included in the analysis and only particle tracks longer then 10 frames whose MSD(Δt) were consistent with the dynamic of spatial confined particles (Kusumi et al., 1993; Saxton, 1994) have been considered. At least three vesicles were analyzed for each experiment
Electron microscopy
Specimens from siLRRK2 and control infected neurons have been prepared for electron microscopy as described (Rudelius et al., 2006) . Briefly, neuron cultures were fixed in cacodylate-buffered 3% glutaraldehyde for 12 h and subsequently Epon-embedded.
Ultra-thin sections were cut, mounted on copper grids, contrasted with uranyl acetate and lead citrate and observed with an electron microscope (Zeiss EM10 at 60 kV).EM images have been processed on ImageJ (NIH) before performing the analysis on LoClust tool (Nikonenko and Skibo, 2004) . Single vesicle has been manually annotated; only intact presynaptic boutons with similar size (longer then 300 nm and including more then 40 vesicles) have been included in the analysis. The n indicated through the text refers to presynaptic boutons measured. EPSCs (n = 20 to 40) for each neuronal pair where events had to exceed a threshold of two to three times the SD of the baseline noise. Synaptic latency was calculated as the time spanning between the stimulus artifact and the 5% of EPSC amplitude (Markram et al., 1997; Bardoni et al., 2004) . Spontaneous synaptic responses (mEPSCs) were monitored in medium density neuron cultures in the presence of 1 μM TTX. mEPSC amplitudes and frequencies were determined using Clampfit 10 software. Detection threshold for mEPSCs was set at 7-10 pA, depending on the amplitude of the membrane noise observed. Recording pipettes were fabricated from capillary glass using a two stage puller (Narishige, Tokyo, Japan) and had tip resistances of 3-5 MΩ when filled with the intracellular solution of the following composition: 130 mM K-gluconate, 10 mM KCl, 1 mM EGTA, 10 mM HEPES, 2 mM MgCl 2 , 4 mM MgATP, and 0.3 mM Tris-GTP.
Electrophysiology
Contaminating GABA A -mediated responses were avoided by voltage-clamping neurons near the calculated equilibrium potential for Cl -(-63 mV) under these conditions.
Statistical analysis
All data are expressed as mean ± standard error of the mean (SE). Data were analyzed with an unpaired Student's t test (two classes) or ANOVA followed by Tuckey's post hoc test (more than two classes). The indication of number of experiment (n) and level of significance (p) are indicated throughout the text.
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Results
LRRK2 is positively associated to neuron maturation
LRRK2 is widely expressed in neurons throughout the CNS, including cortex, striatum and other brain areas (Melrose et al., 2006; Higashi et al., 2007) . As LRRK2 expression increases during postnatal development correlating with synaptic maturation , we investigated LRRK2 protein expression in cortical neurons in vitro by western blotting at five different time points, DIV4, 8, 12, 16 and 20 that can be considered representative for neuron maturation (Lee and Sheng, 2000; Ziv and Garner, 2001 ). We detected LRRK2 by Western blot using a custom made rat monoclonal antibody (1E11) specific for LRRK2 (Bauer et al., 2009) (Figure 1A upper panel) . As the predicted molecular weight (MW) of LRRK2 is about 286 kDa, we considered and analyzed the band at around 280 kDa as endogenous full length LRRK2. Interestingly, LRRK2 levels were positively associated with synapse maturation, as indicated by the increasing level of synaptophysin and PSD-95 proteins (Verderio et al., 1999; Buckby et al., 2004; Mielke et al., 2005) (Fig 1A-B) . In contrast, no significant increase in tubulin was detected. This finding suggests a physiological role of LRRK2 in mature neurons.
LRRK2 silencing alters evoked postsynaptic currents
A recent publication proposed an involvement for LRRK2 in neurotransmitter release (Tong et al., 2009 ). Therefore, we tested if LRRK2 may modulate synaptic function. For these experiments and subsequent ones we impaired cellular LRRK2 expression via short hairpin mediated RNA interference. We infected cortical neurons with lentiviruses expressing the silencing constructs on DIV10 and performed specific experimental procedures on DIV18. To test the efficiency of LRRK2 silencing, we infected mouse cortical neurons or NIH3T3 cells with control virus (LVTH) or with a virus expressing either the short hairpin construct miB3 or miB4, both of them specifically silencing LRRK2 (Bauer et al., 2009 ). miB3 siRNA mediated silencing led to an efficient reduction of the signal detected by the 1E11 antibody in cortical neurons ( Figure 1C , miB3 lane) as well as in NIH3T3 cells (Supplementary Figure 1A) . The same result was obtained when a second independent silencing construct (miB4) was transduced in cortical neurons ( Figure 1C , miB4 lane). As both miB3 and miB4 constructs reduced LRRK2 protein expression to a similar extent ( Figure 1D ; LRRK2 protein levels, % of expression over Therefore, two adjacent neurons were chosen such that the presynaptic neuron was either a lentiviral construct-control or a siLRRK2 transfected neuron whereas the postsynaptic neuron was always a non transfected cell (Supplementary figure 2D) . The two neurons were whole cell voltage clamped at -70 mV and the presynaptic one was stimulated by a brief depolarization up to +30 mV generating an EPSC in the connected postsynaptic neuron. We first measured EPSCs after a single presynaptic stimulation (100mV, 1ms) in paired neurons ( Figure 2A shows representative traces from control and siLRRK2 couples). We found that EPSC amplitude in postsynaptic neurons connected to siLRRK2 silenced presynaptic neurons (now referred to as siLRRK2 pairs) increased more than two fold compared to that measured in control pairs ( Figure 2C figure   2E ). We next tested the impact of LRRK2 silencing after paired pulse stimulation (Matveev et al., 2002; Zucker and Regehr, 2002) . Pairs of stimuli (100mV, 1ms) were elicited in the presynaptic cell at an interpulse interval of 50 ms ( Figure 2B shows representative traces from control and siLRRK2 couples). In control pairs, the amplitude of the second EPSC was slightly increased, while LRRK2 silencing was associated with a robust impairment of the second EPSC ( Figure 2C and neurons by the means of LRRK2 over-expression, we observed cell death and we failed to record EPSC (data not shown). This might be due to the fact that LRRK2 overexpression in vitro is toxic (Greggio et al., 2006; Iaccarino et al., 2007; Li et al., 2010) . Notwithstanding this, we believe these results suggest a role for LRRK2 in modulating presynaptic vesicle release.
LRRK2 silencing alters synaptic vesicle recycling
Given the electrophysiological changes associated with LRRK2 silencing, we asked if LRRK2 might be involved in presynaptic processes. We thus looked at the ratio of recycling synapses by exposing control and siLRRK2 infected cortical neuron cultures to anti synaptotagmin antibody as previously described (Matteoli et al., 1992; Bacci et al., 2001 ). These antibodies are internalized in the lumen of synaptic vesicles after their exoendocytosis (Matteoli et al., 1992; Kraszewski et al., 1995; Malgaroli et al., 1995; Verderio et al., 1999) , and their uptake closely reflects levels of vesicle recycling.
Neurons were fixed after the given treatment and then putative synapses labeled postfixation with synaptophysin antibodies. The synapses appeared as synaptotagmin and synaptophysin positive (i.e: recycling synapses) or only synaptophysin positive (i.e: not recycling synapses) clusters along GFP positive neuronal processes ( Figure 3A and
Supplementary Figure 3A) . The analysis showed that under basal conditions (Figure 3B Neurons infected with control virus behaved as non infected neurons while an increase of ratio of recycling synapses was measured when we silenced LRRK2 using miB4 virus (Supplementary Figure 3B- Figure 3B , KCl). In control neurons the stimulation increased the ratio of recycling synapses as expected (Bacci et al., 2001 ).
However, the siLRRK2 neurons did not react to KCl depolarization ( Figure 3C , KCl, % of s-tagmin 
LRRK2 interacts with presynaptic proteins
Since synaptic vesicle mobility and distribution is orchestrated by an array of presynaptic proteins (Sudhof, 2004; Montecucco et al., 2005; Jahn and Scheller, 2006) , we tested first if LRRK2 silencing affects synaptic protein expression in cortical neurons. However, we found that the expression of major presynaptic proteins such as NSF, syntaxin 1A, synaptotagmin 1 and synaptophysin as well as actin was not altered by LRRK2 silencing.
Also the levels of postsynaptic proteins like PSD-95 and GluR2 were not changed (Supplementary Figure 1B) . The function of these proteins is, however, largely conferred via specific protein interactions (Rizo and Rosenmund, 2008; Sudhof and Rothman, 2009 ). We therefore asked whether LRRK2 in cortical neurons specifically interacts with presynaptic proteins testing for NSF, a vesicle-fusing ATPase and a key player in vesicular endocytosis (Otto et al., 1997; Littleton et al., 1998; Littleton et al., 2001; Kawasaki and Ordway, 2009) . NSF was specifically co-precipitated together with endogenous LRRK2 from adult mouse brain lysate using anti LRRK2 1E11 monoclonal antibody ( Figure 6A , upper panel). To further prove this finding, we performed a reciprocal immunoprecipitation using a rabbit anti NSF antibody ( Figure 6A , lower panel). In fact, NSF co-precipitated endogenous LRRK2 as well as syntaxin1A, a well known interactor of NSF (Hanson et al., 1995) . To identify additional LRRK2 interactors from adult mouse brain lysate in a domain specific fashion, we expressed five different proteins containing specific domains of LRRK2 as GST fusion proteins: GST-N-term,
GST-ANK, GST-LRR, GST-Roc-COR-Kinase (GST-R-C-K) and GST-WD40
(Supplementary figure 1C) . Pulled proteins were eluted, tryptically digested and the resulting peptides identified by LC-MS/MS (Table 1 ). The analysis revealed 13 putative interactors specifically binding to GST-LRRK2 domains but not to GST alone. Notably, the interactors found were mainly proteins involved in presynaptic vesicular trafficking, including AP-2 complex subunits, synapsin 1, synaptic vesicle glycoprotein 2A and, as expected, NSF. In order to confirm the results obtained by mass spectrometry all pulldowns were tested by western blotting (Fig 6B) . Western blotting confirmed LRRK2 interaction with NSF, syntaxin 1A and actin mainly through its WD40 domain.
Furthermore, SNAP-25 and synaptophysin were not found to bind GST-LRRK2 domains (Supplementary Figure 1D) . Precedent studies showed LRRK2 is mainly associated with mitochondria but also with multiple vesicles structure, including synaptic vesicles (Biskup et al., 2006) . In order to verify if LRRK2 might localize within the cell in a cellular compartment where also its putative interactors are present, we performed a subcellular fractionation of dissociated neuronal cortical cultures (Dodd et al., 1981) .
LRRK2 showed a partial enrichment in a fraction containing its putative interactors, NSF, syntaxin1A and actin ( Figure 6C ). Interestingly, also the presynaptic markers Vamp 1, synaptotagmin and the postsynaptic marker PSD-95, but not the cytosolic marker HSP-90, were found enriched in the same fraction ( Figure 6D ).These data suggest that LRRK2
interacts with a subset of the vesicle fusion protein complex putting it perfectly in place to modulate presynaptic vesicle trafficking and distribution.
LRRK2 silencing alters synaptic vesicle distribution
Synaptic vesicles within the presynaptic compartment are distributed in pools distinguished by the relative distance to the presynaptic membrane (Schikorski and Stevens, 2001; Rizzoli and Betz, 2004) . Given the data reported above, we asked if SV number, distribution and clustering might be influenced by LRRK2 silencing. To test this, we analyzed the presynaptic boutons in control and siLRRK2 infected neurons by electron microscopy ( Figure 7A ). Electron microscopic analysis revealed that LRRK2 knock down did not cause obvious abnormalities in presynaptic terminals with respect to control neurons. LRRK2 silencing did not affect total pool size, as the average number of SV per presynaptic terminal was equal in both conditions (Supplementary figure 4A) .
Also the analysis of SV dimension, reported by the measurement of major axis length, did not show any differences between the two groups (Supplementary figure 4B) . To clarify if LRRK2 might influence synaptic vesicle organization, we analyzed SV distribution in terms of shortest distance to the active zone (AZD) (Nikonenko and Skibo, 2004) . We observed differences in the spatial distribution of SV in terms of relative abundance of vesicles located in two specific SV pools, identified by their AZD (Supplementary Figure 4D) . To determine if LRRK2 silencing might affect the size of the ready releasable pool (RRP), we applied a hypertonic sucrose pulse (0.5M sucrose, 45s) to cultured neurons while performing the exo-endocytic assay ( Figure 8A ). Hypertonic sucrose is thought to stimulate the release of the entire RRP in neuron in culture, thereby allowing the estimation of the RRP itself (Rosenmund and Stevens, 1997; Chang and Sudhof, 2009 ).
The hypertonic pulse improved the ratio of recycling synapses in control neurons as expected (Pyle et al., 2000) ; instead we did not observe any further increase in the ratio of recycling synapses in siLRRK2 neurons. Interestingly control and siLRRK2 neurons demonstrated to uptake synaptotagmin antibody in a similar extent after stimulation 
Discussion
In light of the presented data, we suggest that LRRK2 is part of a functional protein network that controls synaptic vesicle (SV) trafficking within the recycling pool by interacting with a subset of presynaptic proteins. A role of LRRK2 in vesicle trafficking involving Rab5b had already been suggested (Shin et al., 2008) however we can now
show for the first time that electrophysiological properties as well as vesicular trafficking in the presynaptic pool depend on the presence of LRRK2 as an integral part of presynaptic protein complex. We have in fact identified presynaptic proteins -NSF, AP-2 complex subunits, SV2A, synapsin and syntaxin 1-as well as actin as putative LRRK2
interactors. These proteins have been previously described as key elements of synaptic vesicle trafficking (Takamori et al., 2006) . NSF catalyzes the release of the SNARE complex (SNAP 25, syntaxin 1 and VAMP) and allows the first step of the endocytic cycle (Littleton et al., 1998; Littleton et al., 2001) . The clathrin complex [clathrin, AP-2 adaptor complex and accessories protein as dynamin and AP180 (Jung and Haucke, 2007) ] constitutes one of the major pathways for SV recycling from the membrane to the resting pool (RP) (Murthy and De Camilli, 2003; Granseth et al., 2006) . The control of storage and mobilization of SV in the RRP depends instead on the synaptic vesicle glycoproteins SV2A and B (Xu and Bajjalieh, 2001; Chang and Sudhof, 2009 ) while synapsins are thought to immobilize SV in the RP by cross-linking vesicles to the actin cytoskeleton (Greengard et al., 1993; Hilfiker et al., 1999) . RRP and RP constitute together the recycling pool [for a more comprehensive review, see (Sudhof, 2000 (Sudhof, , 2004 ].
Ultra-structural analysis of presynaptic boutons revealed that LRRK2 silencing affected the size of a distal pool of SV and the number of docked ones. According to the distance from the active zone, SV within a range of 75-150nm can be considered as belonging to the recycling pool (Schikorski and Stevens, 2001; Genoud et al., 2004) . These data suggest LRRK2 is implicated in the mobilization of the recycling pool. The fact that in siLRRK2 neurons synapses we described a similar amount of total SV but a decrease number of docked ones seems to contradict the synaptotagmin uptake and electrophysiology results. But, even if it has generally been assumed that the vesicles closest to release sites and the docked ones represent the RRP and thus are recruited first during synapse activity (Schikorski and Stevens, 2001) , studies have shown that the RRP vesicles are distributed without a specific localization within the bouton in a range of 100nm from the active zone (Rizzoli and Betz, 2004) . Furthermore, other studies have described modifications of synaptic activity not correlated to ultra-structural changes (Augustin et al., 1999; Rosenmund et al., 2002; Moulder et al., 2006) . Other mechanism than docking, such as SV recruiting, priming or release efficacy, might be involved in synaptic adaptation to activity (Morales et al., 2000; Moulder et al., 2006) . Given that we did not discriminate between resting SV and recycling SV in our ultra-structural analysis,
we cannot draw here a direct link between distribution/number of vesicle and fusion events. Notwithstanding this, in our hands, control neurons exhibited a reduction of docked vesicle after KCl depolarization, effect that might be related to massive vesicle release. Similarly, we described here a reduced amount of docked SV in basal condition after LRRK2 knock down. This outcome might arise or from a reduction of RRP size or from an alteration of firing rate or/and vesicle fusion probability. Given that the total RRP size, as estimated by hypertonic sucrose application, was not altered in siLRRK2
neurons, we propose that the lack of LRRK2 affects SV release. Accordingly, the ratio of recycling synapses, monitored by anti synaptotagmin antibody uptake, was increased in siLRRK2 neurons under basal conditions. Interestingly, we observed in siLRRK2
silenced neurons an inability to further increase the ratio of recycling synapses after long lasting depolarization. This lack of response may reflect the depletion of the RRP due to a perturbation of the recycling machinery. In fact, it has been shown that sustained repetitive activity beyond the first presynaptic release depends not only on the RRP but on SV mobilization from the RP to overcome the rapid depletion of RRP (Dobrunz and Stevens, 1997; Murthy and Stevens, 1998) . Indeed, the distribution of SV after long lasting depolarization was altered by LRRK2 silencing. Given that the blockage of action potential propagation through TTX treatment impaired the ratio of recycling synapses in both control and siLRRK2 neurons, we suggest that LRRK2 participates mainly in the trafficking of SV driven by evoked activity. Our findings that the presynaptic lack of LRRK2 alters excitatory postsynaptic current (EPSC) further support the idea of an involvement of LRRK2 in presynaptic mechanisms. EPSC amplitude depends on the presynaptic factors of vesicle number (N), probability of successful fusion (P) together with the postsynaptic quantal response (Q), EPSC=NPQ [reviewed in (Schneggenburger et al., 2002) ]. Indeed, LRRK2 silencing in the presynaptic neurons was associated with a reduction in failure rate and with an increase of EPSC amplitude following a single stimulation. Furthermore LRRK2 silencing induced a significant paired pulse depression and an increase of the second current latency. In a simple model, PPD can be explained as the consequence of the depletion of RRP after multiple triggers (Zucker and Regehr, 2002) , but experimental evidences have enlightened how other mechanisms might influence short term plasticity (Waldeck et al., 2000; Xu and Wu, 2005; Sullivan, 2007) .
PPD has been associated to an increased latency and a reduction of P (Waldeck et al., 2000; Boudkkazi et al., 2007) ; additionally, manipulation that modifies P significantly affects synaptic latency (Boudkkazi et al., 2007) . Variations in P might derive from local modifications of presynaptic Ca 2+ concentrations, from modulation of the Ca 2+ sensitivity of the release machinery and finally from the availability and the correct spatial organization of the components of the fusion machinery (Matz et al.; Paisan-Ruiz et al., 2004; Wadel et al., 2007; Kawasaki and Ordway, 2009 (Gaffield et al., 2006) . This tight confinement depends on molecular anchors such as synapsins and actin and is functional to a correct SV trafficking [for a comprehensive review, see (Rizzoli and Betz, 2005) ]. But interestingly, neither synapsins KO nor actin filament disruption has been shown to increase severely SV mobility (Gaffield et al., 2006; Gaffield and Betz, 2007) . Thus, synapsins and actin are not uniquely required for the regulation of SV dynamics but they might act in cooperation with other molecules.
We propose that LRRK2 executes its main function at the presynaptic site; given its relative position as an integral part of a presynaptic protein network, LRRK2 may serve as a molecular hub coordinating both the storage and the mobilization of SV driven by activity. Accordingly, the analysis of vesicle motion showed that SV in siLRRK2 neurons were characterized by an increased spatial freedom, with a measured diffusion coefficient approaching that of vesicles in free solution (D~0.15 μm 2 /s) (Luby-Phelps et al., 1987) . Therefore, if in basal condition the lack of LRRK2 might confer to vesicles a higher probability to contact the membrane and fuse, it might as well affect the organization of the presynaptic machinery thus impairing SV mobilization required during high activity. An intriguing possibility yet to be explored is that the impact of LRRK2 on SV trafficking mainly interests silent synapses (Moulder et al., 2004; Moulder et al., 2006; Moulder et al., 2008) or the pool of reluctant vesicles described in glutamatergic terminals (Sun and Wu, 2001; Moulder and Mennerick, 2005) . In fact, interestingly, LRRK2 knock down and hypertonic sucrose stimulation were associated with a comparable increase in the ratio of recycling synapses. This might suggest that LRRK2 controls a pool of SV larger than the RRP that is not involved during basal activity but instead can be released by hypertonic sucrose stimulation (Moulder and Mennerick, 2005) . Even if a recent study (Andres-Mateos et al., 2009) has reported that LRRK2 knockout in mice does not result in any observable phenotype, it has been shown that LRRK2 mutation affects activity-dependent DA neurotransmission and catecholamine release (Tong et al., 2009) . Furthermore, considering the complexity and the importance of the fusion machinery and the expression in neurons of a homologous of LRRK2, LRRK1 Westerlund et al., 2008) , compensatory mechanisms during embryonic development of LRRK2 knock out mice cannot be excluded. Data obtained from our domain based interaction studies finally suggest that LRRK2 interacts with presynaptic partners mainly through its WD40 C-terminal domain.
This domain is required for both LRRK2 toxic and physiological role Jorgensen et al., 2009 ) and it harbors the mutation G2385R, considered as the main risk factor for Parkinson' disease in Chinese Han population . Future studies are now needed to determine whether perturbed regulation of vesicle trafficking may contribute to Parkinson's disease associated with this gene variant. Given the correlation recently described between LRRK2 and α-synuclein (Carballo-Carbajal et al.; Lin et al., 2009 ) and the impact of α-synuclein over-expression on synaptic vesicle recycling (Nemani et al., 2010) , the regulation of neurotransmitter release might arise as one the main biological pathway compromised during neuropathology onset. Neurons were infected at DIV10 as described and processed for electron-microscopy at 
